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Skeletal muscles in developing chick embryos were tested for responsiveness to adenosine 5*-triphosphate (ATP), a sub-
stance known to depolarize chick skeletal muscle in culture. The sensitivity to extracellular ATP was tested at various
stages of development in ®ve different muscles; pectoralis super®cia, anterior latissimus dorsi, posterior latissimus dorsi,
sartorious, and gastrocnemius. At the earliest time that muscles were tested (Embryonic Day 6, stage 30 of Hamburger
and Hamilton, 1951) application of ATP (50±100 mM) elicited vigorous contractions in all ®ve muscles, but within a few
days (Embryonic Day 17, stage 43) none of the muscles contracted in response to ATP. Sensitivity declined at approximately
the same time in all ®ve of these muscles. Intracellular recordings made from muscle ®bers near the time of hatching
(Embryonic Days 18±21 or Postnatal Days 1±2) indicated that the loss of the ability to contract in response to ATP was
due to the total loss of responsiveness to ATP. Surgical denervation of the anterior latissimus dorsi and posterior latissimus
dorsi was performed in a series of chicks 1±2 days after hatching, and the ability of these muscles to contract in response
to ATP was tested 3±10 days after the surgery. Contractions in response to ATP were present in many of the muscles.
Thus denervation of muscles in newly hatched chicks led to the reappearance of sensitivity to ATP. The disappearance of
ATP responsiveness shortly after muscles become innervated and the reappearance of ATP responsiveness following dener-
vation suggest that the expression of ATP responsiveness is regulated by motor neurons. q 1995 Academic Press, Inc.
INTRODUCTION In addition to nAChR, chick skeletal muscle in culture
expresses a second type of cell surface receptor for an extra-
More is known about the anatomy, physiology, and devel- cellular ligand. Adenosine 5*-triphosphate (ATP) has a po-
opment of the vertebrate neuromuscular junction than tent depolarizing action on cultured myotubes derived from
about any other synapse (reviewed by Hall and Sanes, 1993). pectoral muscle (Hume and Honig, 1986). Although the
Among the most well-characterized molecules present at physiological and pharmacological properties of the ATP
this synapse are the receptors for the neurotransmitter sub- receptors have been extensively studied (Hume and Honig,
stance acetylcholine (ACh)1. Nicotinic acetylcholine recep- 1986; Hume and Thomas, 1988; Thomas and Hume
tors (nAChR) are tightly regulated, changing their distribu- 1990a,b; Thomas et al., 1991), it is unclear what function
tion and their physiological properties during development these receptors serve, or even if they are present in muscle
and following denervation (Brehm and Henderson, 1988). developing in vivo. In this report, we examine the respon-
Changes in synaptic function accompany the changes in siveness of skeletal muscles in developing chicks to ATP.
nAChR. Synaptic responses can be elicited as early as Em- Our initial goals were (1) to determine whether ATP respon-
bryonic Day 6, but synaptogenesis proceeds throughout the siveness was characteristic of all skeletal muscles in chicks,
rest of embryonic development (Landmesser and Morris, or just a few muscles and (2) to determine whether ATP
1975; Dennis, 1981). responsiveness changes during development. Having found
that ATP responsiveness is ubiquitous in early embryonic
skeletal muscle, but absent in more mature muscle, we1 Abbreviations used: ACh, acetylcholine; nAChR, nicotinic ace-
then asked whether denervation alters the expression oftylcholine receptor; ATP, adenosine 5* triphosphate; ALD, anterior
latissimus dorsi; PLD, posterior latissimus dorsi. ATP responsiveness.
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In some experiments, responsiveness was assessed usingMATERIALS AND METHODS
intracellular recordings rather than by the contraction
assay. The muscle to be tested was studied in situ or wasFertile White Leghorn chicken eggs were obtained from
dissected from the embryo with tendons intact andDave's Eggs, a local hatchery, and allowed to progress to
stretched to resting length. Recordings were made with pi-various developmental stages in a humidi®ed incubator at
pettes ®lled with 3M KCl with resistances between 40±7537.57C. The approximate age of embryos was estimated by
MV. Responsiveness to ATP or ACh was assessed by thethe number of days of incubation; however, upon removal
depolarization caused by puffer application of these sub-from the egg, all embryos were more accurately staged by
stances. Suprathreshold depolarizations in response to ei-the criteria described by Hamburger and Hamilton (1951).
ther ACh (100 mM) or ATP (50 mM) were followed by pro-Some eggs were allowed to hatch (at 21±22 days). These
longed depolarizations caused by a calcium-dependent chlo-chicks were provided food and water, and their temperature
ride conductance increase (Fukada, 1974; Hume andwas maintained by a heat lamp. Prior to tissue dissection,
Thomas, 1989). To avoid this prolonged depolarization,hatched animals were administered an overdose of sodium
some experiments were performed on muscles bathed in anpentobarbital, while embryos were decapitated.
external solution containing CoCl2, rather than CaCl2.
Determination of ATP Responsiveness Denervation of Muscles in Hatched Chicks
One- to three-day-old chicks were anesthetized with anIndividual muscles were exposed by ®ne dissection and
identi®ed according to the descriptions of Chamberlain intraperitoneal injection of sodium pentobarbital (3.5±4.0
mg/100 g body wt; Syrovy and Zelena, 1975). After the(1943). Muscles that were tested were: pectoralis super®cia,
pectoralis subclavis, triceps longus, ¯exor carpi radialis, ex- chickens were anesthetized, unilateral denervation of the
latissimus dorsi muscles was attempted by a slight variationtensor carpi radialis, patagialis longus, triceps brachii, ul-
naris lateralis, anterior latissimus dorsi (ALD), posterior la- of the procedure described by Kikuchi and Schmidt (1983).
The right wing was held ®xed in a position perpendiculartissimus dorsi (PLD), sartorius, biceps femoris, gastrocne-
mius, tensor fascia latae, and adductor. In early embryos to the body, and a 5- to 7-mm incision was made in the
skin at the posterior junction between the right wing andsome of these muscles were not always easily distinguished.
In such cases we assumed that the largest muscle seen in the body. A 3-mm section from N. brachialis longus supe-
rior (the nerve leading to the ALD and PLD) was then re-the expected area was the muscle in question. Each of these
muscles was tested in at least two of the chicks. moved. An attempt was made to leave the blood supply
to the muscles intact. The incision was closed with ®neFor small embryos (before stage 34), the entire embryo
was submerged under a balanced salt solution (external so- polyester suture, the area of the incision was treated with
bacitracin-neomycin polymyxin ointment, and the chicklution) containing (in mM) NaCl, 132; KCl, 5.3; CaCl2, 5.4;
MgSO4, 1.7; NaH2PO4, 1.3; glucose, 6.3; Hepes, 12 (pH 7.4); was allowed to recover. Three to ten days after the opera-
tion, the operated animals were administered an overdoseand phenol red, 0.03. For older embryos and hatched chicks,
the animal was kept in air, with only the areas of exposed of sodium pentobarbital. The muscles of these chicks were
then tested for ATP sensitivity by the same contractionmuscle kept under the external solution. Muscles, viewed
under a dissecting microscope at 251 magni®cation, were assay used in our other studies.
The point at which the nerve to the ALD and PLDtested for their ability to contract in response to application
of ATP or other test solutions. Test solutions were applied branches from N. brachialis longus superior is quite variable
(Bourgeois and Toutant, 1982). Part way through this studyby pressure microejection from ®ne tipped (5±10 mm) puffer
pipettes placed less than 100 mm from the muscle surface, it became clear that it was important to verify whether or
not the surgery had successfully denervated the muscles.and the muscle was assayed visually for contraction. A mus-
cle was de®ned as responsive to the test substance if it Of the 14 denervated chicks examined, 9 were ®rst tested
for behavioral de®cits prior to examining ATP respon-contracted to less than 90% of resting length. All muscles
that responded to ATP were also tested with application of siveness. We determined (1) whether the animal could hold
the operated wing close to the body (a behavior in whichexternal solution alone, to verify that the contractions were
not responses to pressure. In no case did pressure applica- the ALD is important) and (2) whether the wing could be
pulled back re¯exively in response to stroking the dorsaltion of the external solution lead to visible contractions.
All muscles that appeared to be unresponsive to ATP were midline (a behavior in which the PLD is important). In 3
of the chickens that by behavioral criteria appeared to betested for their response to application of a high potassium
solution (160 mM) to the surface of the muscle, to verify denervated, the denervation of the muscle was con®rmed at
the time of the ®nal experiment by stimulating the brachialthat the ®bers were able to contract in response to depolar-
ization. If the high potassium solution failed to elicit a con- nerve with a suction electrode. In unoperated animals, stim-
ulation of the brachial nerve just past the brachial plexustraction, the muscle was considered to be immature or dam-
aged and was not included in the data presented under Re- always resulted in contraction of the ALD and PLD, but in
these 3 animals stimulation of the nerve gave no contrac-sults.
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FIG. 1. Location of the muscles of the chick embryo that were responsive to ATP. Three chick embryos from stages 35±37 were sacri®ced,
and each muscle was identi®ed and tested in at least two of the three embryos. All muscles tested in embryos of these ages contracted
in response to ATP.
tion, although direct stimulation of the muscles could elicit Appearance and Disappearance of ATP
Responsivenessa contraction.
To identify the time course over which ATP respon-
siveness is present, ATP was applied to ®ve muscles (ALD,
PLD, gastrocnemius, pectoralis super®cia, and sartorius) inRESULTS 46 embryos. The ages of animals studied ranged over a 27-
day period, from Day E6 (stage 30) to P12. Embryos younger
than E6 were not tested for ATP responsiveness, since mostUbiquity of ATP Responsiveness in Developing
muscles in such embryos did not contract in response toSkeletal Muscle
puffer application of the high potassium solution, and in the
absence of a positive indicator of the health of the muscle itWe began our examination of the ATP responsiveness of
did not seem sensible to test for responsiveness to ATP. Inchick skeletal muscles in vivo by studying embryos from
all healthy muscles from embryos between stages 30 andstages 35±37 (Days 9±11). In muscle cultures prepared from
39, ATP elicited a contraction. Past stage 40, the proportionchick pectoral muscle of this age, virtually every muscle
of chicks with muscles responding to application of ATP®ber is depolarized by ATP (Hume and Honig, 1986). In
dropped quickly to zero (Fig. 2). At stage 40 only 7 of 16three stage 35±37 embryos, muscles throughout the animal
muscles were sensitive to ATP, and past stage 43 no em-(Fig. 1) were tested for their ability to contract in response
bryos or hatched chicks had muscles that were ATP sensi-to application of 100 mM ATP. All muscles tested were
tive. All ®ve of the muscles lost sensitivity at about thesensitive to ATP. The survey included both slow-tonic and
same time, but there was some suggestion of a regular orderfast-twitch muscles. For instance, the ALD, a slow muscle,
of disappearance. None of the ALD muscles tested re-and PLD, a fast muscle, both contracted in response to the
sponded beyond stage 41, but ATP responses could still beapplication of ATP. However, as expected, the speed of the
elicited in the PLD and gastrocnemius muscles of somecontraction in these muscles differed, especially in older
embryos at stage 43.embryos. By stage 36, ATP elicited a quick contraction
The failure of muscles in older embryos and hatched(0.5 sec) in the PLD, while ATP produced a much slower
contraction (1±2 sec) in the ALD. chicks to contract in response to ATP might re¯ect the
Copyright q 1995 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ m4450f8062 10-27-95 21:33:20 dba Dev Bio
588 Wells, Zawisa, and Hume
before or just after hatching (E18±E21 or P1). To verify that
puffer application could still gain access to neurotransmit-
ter receptors in muscles from these late stages, we examined
responses to ACh, the neurotransmitter at mature synapses.
ACh (100 mM) evoked depolarizations in all ®bers tested in
either embryonic (20 ®bers E18) or in post-hatch chicks (15
®bers were tested in 3 chicks).
ATP Responsiveness Returns in Denervated Muscle
A total of 17 newly hatched chicks survived the surgery
intended to produce denervation. However, we were only
able to test ATP responsiveness in muscles from 14 oper-
ated animals because in 3 of the operated animals the mus-
cles had degenerated to a state that was unresponsive to
any depolarizing stimulus. It seems likely that this was due
to inadvertent damage to the blood supply of these muscles
FIG. 2. The percentage of muscles responding to application of 100 during the surgery. However, Scheutze and Vicini (1984)
mm ATP at different stages of development. Responses to ATP were have suggested that neonatal denervation can cause acceler-
tested in one or more of the following muscles: Anterior latissimus ated atrophy.
dorsi, posterior latissimus dorsi, sartorius, pectoralis super®cia, ATP responsiveness was tested 3 to 10 days after surgery
gastrocnemius. Data from all muscles were combined, because by the visual assay of contraction. Contractions in response
there was little apparent difference in the time course of the disap-
to ATP were observed in muscles from 7 of the 14 operatedpearance of ATP responsiveness. The number of muscles tested at
chicks. In all 7 animals the ALD contracted in response toeach stage is indicated above each symbol. The number of muscles
ATP, and in 2 of these animals the PLD was also responsivetested in young embryos was small, because many muscles were
to ATP, while the muscles from the unoperated side re-not responsive to any stimulus. The upper axis indicates the stage
mained unresponsive in all cases. As noted earlier, unoper-of development (Hamburger and Hamilton, 1951) while the lower
axis represents the number of days of incubation (E) or the number
of days after hatching (P).
disappearance of functional ATP receptors from the surface
of muscle ®bers. Alternatively, the depolarizations elicited
by ATP might simply have become too small to drive the
®bers past threshold. To assess these possibilities, we made
intracellular recordings from muscle ®bers in the gastrocne-
mius, ALD, and PLD. In the gastrocnemius, intracellular
recordings conducted between stage 39 (when all muscles
contracted to ATP) and stage 43 (when no contractile re-
sponses were observed) showed that the input resistance of
the muscle cells did not change signi®cantly (stage 39, 32
{ 3MV; stage 43, 30 { 4MV; n  47 ®bers in 14 animals FIG. 3. Response to application of ATP and ACh in chick skeletal
and 20 ®bers in 5 animals, respectively; mean { SE). We muscle ®bers at different developmental stages. Responses to extra-
also tested whether puffer application of ATP could elicit cellular pressure microejection of 50 mM ATP and 100 mM ACh
a depolarization. In stage 39 embryos (E 13), 13 of 15 ®bers were recorded from gastrocnemius muscle ®bers using intracellular
microelectrodes. (A±C) Recordings from three different muscle ®-impaled (6 embryos) gave detectable depolarizations in re-
bers, with resting membrane potentials of -28, -21, and -42mV,sponse to 50 mM ATP (Fig. 3). Some of the responses to ATP
respectively. In each panel the solid bars represent the start andwere suprathreshold and elicited a long-lasting calcium-de-
stop of the 200-ms application of drug. The scale bar is the samependent chloride spike (Fig. 3B). To better assess the ampli-
for all panels. (A) Recordings from a ®ber of a stage 39 (E13) embryo.tude of ATP responses, the chloride spike was blocked in
Depolarization was observed in response to both ACh (1) and ATPsome muscles by bathing them in CoCl2 external solution (2). (B) Recording from another ®ber from a stage 39 embryo. In
(Hume and Thomas, 1989). The mean response to ATP ap- this ®ber the depolarization in response to ATP was suprathreshold
plication in muscles bathed in CoCl2 external solution was and elicited a long lasting chloride spike. (C) Recordings from a
5.03 mV (n 6 ®bers). In contrast, ATP caused no detectable ®ber of a stage 44 (E18) embryo. At this stage and all later stages
depolarization in 32 ®bers (8 in gastrocnemius, 12 each in tested ACh (1) was still able to cause depolarizations, but ATP (2)
was without effect.ALD and PLD) tested in muscles from eight chicks just
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ated chicks of this age were not responsive to ATP in either responsiveness is likely to be present in developing muscles
much earlier than stage 30.latissimus dorsi muscle, as assayed by either contraction or
by the more sensitive assay of intracellular recording. Thus, The time course of the disappearance of ATP respon-
siveness also could not be fully de®ned with either methodthe surgical procedure produced a return of ATP respon-
siveness in the latissimus dorsi muscles. of assaying ATP responsiveness. The contraction assay is
likely to miss the early part of the decline of responsivenessThe induction of ATP responsiveness following surgery
might represent either a speci®c response to denervation or (as long as a response is suprathreshold no change will be
detected), and will also not detect residual responsivenessa nonspeci®c response to the other manipulations associ-
ated with the surgery. Since half of the operated animals once responses are below threshold. Thus the observation
that contractions began to disappear at about stage 40 sug-did not become responsive to ATP, it seems unlikely that
the manipulations associated with the surgery were suf®- gests that ATP responsiveness probably begins to fall before
stage 40, and might be present for several stages beyondcient to induce responsiveness. The failure of muscles in
some animals to become ATP responsive following surgery what is suggested by Fig. 2. The decline of ATP respon-
siveness could be characterized with somewhat greater pre-raised the possibility that denervation only leads to a return
of ATP responsiveness in some cases. However, the expla- cision using intracellular recording. Intracellular recording
indicated that over the time period during which ATP re-nation as to why some operated animals failed to become
ATP responsive is more likely to be technical. As noted sponsiveness declined, the input resistance of the cells did
not change signi®cantly. The decrease in the amplitude ofunder Materials and Methods, the branching pattern of the
nerves that supply the latissimus dorsi muscles is quite responses to ATP therefore suggests that the number of
functional ATP receptors in the membrane may be declin-variable from animal to animal, and it was likely that the
surgery might sometimes fail to denervate the muscles. ing. In addition, the muscle cells are still responsive to ACh
application, indicating that the ACh receptors clustered atOnce we became aware of this possibility, we began behav-
ioral and electrophysiological testing to con®rm denerva- the postsynaptic specialization are still accessible to our
drug application method. However, the ATP-activated cur-tion. Four of the 7 animals that failed to show return of
ATP responsiveness were tested behaviorally and none rents rapidly desensitize and give little or no response upon
the second application of ATP (Thomas and Hume, 1990b).showed any obvious de®cits associated with denervation.
Five of the 7 animals that showed ATP responsiveness were This phenomena makes it very dif®cult to accurately mea-
sure the amplitude of ATP responses using intracellular re-tested behaviorally, and all showed de®cits in wing move-
ment. In three of these cases the total denervation of both cording. For this reason, a more detailed characterization
of the kinetics of decline in ATP responsiveness was notof the muscles was con®rmed by electrical stimulation at
the time of testing. Thus we think that it is very likely that practical.
the muscles that did not respond to ATP following surgery
were not successfully denervated.
Regulation of ACh and ATP Responsiveness
The disappearance of ATP responsiveness shortly after
muscles become innervated and the reappearance of ATPDISCUSSION
responsiveness following denervation suggest that the ex-
pression of ATP responsiveness is regulated by motor neu-In this paper we report that most skeletal muscles in early
chick embryos are responsive to extracellular ATP, that ATP rons. Furthermore, the time course of the appearance and
disappearance of ATP responsiveness has striking similari-responsiveness disappears by the time of hatching, and that
ATP responsiveness can be induced to reappear following de- ties to the pattern of expression of the embryonic form of
the nAChR, which are known to be regulated by motornervation of muscles. These experiments thus indicated that
responsiveness to ATP is developmentally regulated. neurons. In mammals and frogs the embryonic form of
nAChR disappears during development and reappears upon
denervation (Katz and Miledi, 1972; Sakmann and Brenner,
Time Course of ATP Responsiveness 1978; Fischbach and Scheutze, 1980; Kullberg et al., 1981).
These embryonic nAChR can be distinguished from the ma-The experiments we have performed allowed us to de®ne
a time period when ATP responsiveness was present and a ture form that replaces them based on differences in the
mean open time and single channel conductance. The phys-later time when ATP responsiveness was absent, but they did
not allow us to fully characterize the kinetics of the appear- iological differences between immature and mature nAChR
are thought to be a consequence of a change in the composi-ance of ATP responsiveness. It was not practical to test mus-
cles for ATP responsiveness prior to stage 30, because most tion of subunits that comprise the nAChR (Mishina et al.,
1986). Interestingly, it appears that in the chick there maymuscles failed to contract to high potassium stimulation until
this stage and because intracellular recordings could not be not be such a switch, since the single channel properties of
nAChR at mature and immature synapses appear to be simi-made successfully. However, in culture, mononucleated myo-
blasts and recently fused myotubes (which are not contractile) lar (Scheutze, 1980).
The great similarity between the regulation of ATP re-are responsive to ATP (Hume and Thomas, 1988), so ATP
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Hall, Z. W., and Sanes, J. R. (1993). Synaptic structure and develop-sponsiveness on chick muscle and extrajunctional nAChR
ment: The neuromuscular junction. Cell 10(Suppl.), 99±121.expression on mammalian muscle raised the possibility
Hamburger, V., and Hamilton, H. (1951). A Series of normal stagesthat the nAChR and the ATP receptor may be the same
in the development of the chick embryo. J. Morphol. 88, 49±92.entity. However, there is a substantial body of physiological
Huang, C. F., Lee, Y. S., Schmidt, M. M., and Schmidt, J. (1994).and pharmacological evidence that indicates that the ATP
Rapid inhibition of myogenin-driven acetylcholine receptor sub-
receptor is a separate molecule from the nAChR. For in- unit gene transcription. EMBO J. 13, 634±640.
stance, ATP responses are not blocked by nAChR antago- Hume, R., and Honig, M. (1986). Excitatory action of ATP on em-
nists such as curare and a-bungarotoxin (Hume and Honig, bryonic chick skeletal muscle. J. Neurosci. 6, 681±690.
1986) nor are ACh responses blocked by ATP receptor antag- Hume, R. I., and Thomas, S. A. (1988). Multiple actions of adeno-
sine 5*-triphosphate on chick skeletal muscle. J. Physiol. 406,onists (Thomas et al., 1991). In addition, responses to ATP
503±524.and ACh do not cross desensitize (Hume and Honig, 1986)
Hume, R. I., and Thomas, S. A. (1989). A calcium- and voltage-and the amplitude of the single channel currents elicited
dependent chloride current in developing chick skeletal muscle.by ACh and ATP are very different (Thomas and Hume,
J. Physiol. 417, 241±261.1990a). Finally, although the chick skeletal muscle ATP
Katz B., and Miledi, R. (1972). The statistical nature of the acetyl-receptor has not yet been cloned, the amino acid sequence
choline potential and its molecular components. J. Physiol. 224,
and proposed structure of ATP receptors cloned from other 665±699.
tissues are quite distinct from nAChR (Valera et al., 1994; Kikuchi, T., and Schmidt, H. (1983). Changes in resting and con-
Brake et al., 1994). The close parallels between the pattern tractile properties of chicken muscles following denervation. Bio-
of expression of embryonic ACh receptors and ATP respon- med. Res. 4, 303±314.
Kullberg, R. W., Brehm, P., and Steinbach, J. H. (1981). Nonjunc-siveness thus suggest that the same factors that regulate
tional acetylcholine receptor channel open time decreases duringthe expression of these ACh receptors may also regulate the
development of Xenopus muscle. Nature 289, 411±413.expression of ATP receptors. The molecular mechanisms
Landmesser, L. T., and Morris, D. G. (1975). The development ofthat regulate nAChR expression are now known in some
functional innervation in the hind limb of the chick embryo. J.detail (Witzemann et al., 1991; Huang et al., 1994), so this
Physiol. 249, 301±326.hypothesis will be testable once molecular probes for the
Mishina, M., Takai, T., Imoto, K., Noda, M., Takahashi, T., Numa,
ATP receptor become available. S., Methfessel, C., and Sakmann, B. (1986). Molecular distinction
between fetal and adult forms of muscle acetylcholine receptor.
Nature 321, 406±411.
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